Introduction
The human testis in health and disease cannot be readily studied. Cellular models, however, allow insights and human testicular peritubular cells (HTPCs) derived from individual patients represent such a model. These cells form the wall of seminiferous tubules and can be isolated via explant culture from very small fragments obtained during surgical procedures (Albrecht et al., 2006; Schell et al., 2008; Mayerhofer, 2013) . They can be passaged and examined by cellular and molecular techniques. The results obtained, in combination with studies on human testicular sections, led to the insight that HTPCs play an important role in the human testis in health and disease. These smooth-muscle-like cells are associated with the transport of immotile sperm, but also possess secretory functions. Glial cell line-derived neurotrophic factor (GDNF) is a factor secreted by these cells, which is required for renewal of spermatogonial stem cells. This indicates a contribution to the spermatogonial stem cell niche (Spinnler et al., 2010) , a view supported by recent studies in mice (Chen et al., 2014 (Chen et al., , 2016 . HTPCs also secrete extracellular matrix components, including decorin (DCN) and biglycan (BGN) (Flenkenthaler et al., 2014) . The latter is increased in infertile patients and, as we showed, can activate Toll-like receptors (TLRs) of HTPCs. Thereby it induces inflammatory reactions, namely secretion of C-C motif chemokine ligand 2 (CCL2), pentraxin 3 (PTX3) or interleukin 6 (IL6) (Mayer et al., 2016) . Taken together, the results support important roles of HTPCs in male fertility and infertility.
HTPCs were also shown to be plastic cells and their ability to differentiate towards a steroidogenic, presumably Leydig cell type, became evident (Landreh et al., 2014) . The last-mentioned study showed inter-individual differences in the basal and the forskolin-stimulated steroidogenic capacities. Further studies (Welter et al., 2014; Mayer et al., 2016) , which examined immunological aspects, revealed that HTPCs derived from individual patients are heterogeneous with respect to the amounts of secreted factors. This may be due to the differences in age, lifestyle and medical history of the patients. While this heterogeneity is instructive and may be of interest in view of an improved understanding of inter-individual differences and personalized treatment option in the future, these differences also make general in-depth mechanistic studies difficult.
To circumvent these issues, and to be able to study peritubular cell function and regulation in greater detail, we sought to establish a translational model. In search for suitable model organism, we turned to the common marmoset monkey (Michel and Mahouy, 1990; Mansfield, 2003; Zuhlke and Weinbauer, 2003; Li et al., 2005) . Marmosets are non-human primates, which are often used in reproductive research.
Here we describe the isolation, cultivation and proteomic characterization of monkey testicular peritubular cells (MKTPCs). We propose that they are an apt model for HTPCs because of their similarity to human and the possibility to control confounding lifestyle issues.
Materials and Methods

Animals
Common marmoset monkeys (Callithrix jacchus) stem from the self-sustaining marmoset monkey colony of the German Primate Center (Deutsches Primatenzentrum; DPZ, Göttingen). All animals used for this study were between 2 and 3 years old, i.e. young adult, sexually mature healthy animals (Li et al., 2005) . Marmoset monkey testes were obtained from animals euthanized for scientific purposes unrelated to this study or castrated for colony management purposes. Euthanasia and castration were performed by experienced veterinarians. Parts of the testes were fixed in Bouin's fixative and embedded in paraffin, for later sectioning and immunohistochemistry, other parts were used for isolation of MKTPCs by explant culture.
Ethical approval
Organ retrievals from Callithrix jacchus were carried out in accordance with relevant institutional guidelines and legal regulations, namely the German Animal Protection Act. The local ethical committees (Ethikkommission, Technische Universität München, Fakultät für Medizin, München, project number 5158/11) approved the study with human tissues. All experiments were performed in accordance with relevant guidelines and regulations.
Isolation and cultivation of MKTPCs
Isolation and cultivation of MKTPCs was performed as described in detail previously for human samples (Albrecht et al., 2006) . In brief, small pieces of testicular tissue were seeded onto cell culture dishes. The explant cultures were incubated under humidified conditions (37°C, 5% CO 2 ) until the cells started to grow out of the tubular wall. They were cultivated and propagated in Dulbecco's modified Eagle's medium (DMEM) high glucose (Gibco, Paisley, UK) containing 10% fetal calf serum (Capricorn Scientific GmbH, Ebsdorfergrund, Germany) and 1% penicillin/streptomycin (Life Technologies, Carlsbad, CA, USA). MKTPCs in passages 2-3 were used for proteomic studies, for RT-PCR cells from early (3) and advanced passages (8) were used.
RNA isolation and RT-PCR
Total RNA from cultured MKTPC was prepared as described earlier (Welter et al., 2014) using the RNeasy microkit (Qiagen, Hilden, Germany). In brief, a total amount of 200 ng of RNA was subjected to reverse transcription, using random primers (15-mer) and SuperScript II Reverse Transcriptase, 200 U/μl (Invitrogen GmbH, Darmstadt, Germany). Intron-spanning primer pairs amplified specific products for ACTA2, CNN1, AR, GDNF, FSHR, GATA4, LHCGR, INSL3, DCN, BGN, CCL2, PTX3, IL6, CD3e, TPSG1 and CMA1 (Table I) . PCR consisted of 35 cycles of denaturing (at 95°C for 60 s) annealing (at 60°C) and extension (at 72°C for 45 s). PCR products were visualized by midori green (NIPPON Genetics EUROPE GmbH, Düren, Germany) staining in agarose (Biozym Scientific GmbH, Oldendorf, Germany) gels. Positive controls consisted of Callithrix jacchus whole testis lysate cDNA (+). Negative controls were performed by excluding reverse transcriptase (−RT), and a non-template reaction (−). The identities of all PCR products were verified by sequencing.
Immunohistochemistry
Immunohistochemistry was performed as described (Schell et al., 2010) . Parts of the testicular tissue, which were also used for explant cultures were fixed and embedded in paraffin. Sections (5 μm) of marmoset monkey testicular tissue were incubated with monoclonal mouse antibody against ACTA2 (#A5228, 1:1000; Sigma, St. Louis, MO, USA), monoclonal rabbit antibody against Calponin-1 (C-term) (#1806-1, 1:250; Epitomics, Cambridge, UK) and AR (#5153, 1:400; Cell Signaling, Cambridge, UK). Controls consisted of incubation with non-immune normal goat serum instead of specific antibodies. Hematoxylin counterstained the cell nuclei. Sections were examined with a Zeiss Axiovert microscope, an Insight Camera (18.2 Color Mosaik) and Spot advanced software 4.6 (both from SPOT Imaging Solutions, Sterling Heights, MI, USA).
Immunofluorescence
MKTPCs were seeded onto cover slips and incubated overnight. They were fixed with 3.7% formaldehyde (Sigma) for 10 min, washed with 0.1% Triton X-100/phosphate buffered saline (PBS) (Sigma) and permeabilized with ice cold 0.2% Triton X-100/PBS for 10 min. Cells were blocked with 0.1% Triton X-100/PBS + 5% goat normal serum (Sigma). The same primary antibodies as for the immunohistochemistry were used and were diluted in 0.1% Triton X-100/ PBS + 5% goat normal serum, CNN1 1:100 (Epitomics), ACTA2 1:200 (Sigma), AR 1:100 (Cell Signaling) and incubated for 2 h at room temperature. Secondary antibody for CNN1 and AR, goat anti-rabbit alexa flour 488 1:1000 (Thermo Fisher Scientific, Waltham, MA, USA) for ACTA2, goat anti-mouse alexa fluor 555 1:1000, were incubated for 1.5 h at room temperature. Cells were washed and counterstained with 1.5 μg/ml DAPI for 5 min. For the control, normal goat serum was used instead of the primary antibody. Examination was performed with a fluorescence microscope (Zeiss, Oberkochen, Germany).
Human peritubular cell isolation and culture
The procedure involving human peritubular cells (HTPCs) Immunofluorescence of SM-markers, CNN1 (MKTPCs, passage 6) and ACTA2 (MKTPCs, passage 6), and AR (MKTPCs, passage 3) (D1, E1, F1).
Higher magnifications, corresponding to D-F, respectively. Insets in A-F show negative controls.
spermatogenesis was described previously (Albrecht et al., 2006; Schell et al., 2008) . The patients (n = 7; aged 39-55 years) had granted written informed consent for scientific purposes. Cells were cultivated in DMEM High Glucose (Gibco) supplemented with 10% fetal bovine serum (Capricorn Scientific) and 1% penicillin/streptomycin (Biochrom, Berlin, Germany) under humidified conditions (37°C, 5% CO 2 ). Cells in passages 3-7 were harvested for proteomic procedures, as described (Flenkenthaler et al., 2014) .
Nano-liquid chromatography-tandem mass spectrometry
Cell pellets were resuspended in 8 M Urea in 50 mM ammonium bicarbonate, sonicated for 5 min at 4°C and homogenized using QIAshredders (Qiagen, Hilden, Germany) at 2500 g for 1 min. Protein concentration was determined using the Pierce 660 nm assay (Thermo Scientific, San Jose, CA). The 10 μg protein were reduced in 4 mM dithiothreitol (DTT) and 2 mM tris(2-carboxyethyl)phosphine for 30 min at 56°C followed by an alkylation step in 8 mM iodoacetamide (IAA) at room temperature in the dark for 30 min. Remaining IAA was quenched at a final concentration of 10 mM DTT. The samples underwent a first digestion step with Lys C (enzyme/substrate: 1/100; Wako, Neuss, Germany) at 37°C for 4 h, were diluted with ammonium bicarbonate to a concentration of 1 M urea and digested overnight with porcine trypsin (enzyme/substrate: 1/50; Promega, Madison, WI, USA) at 37°C. The 2.5 μg of peptides dissolved in 0.1% formic acid (FA) were subjected to liquid chromatographyelectrospray ionization-tandem mass spectrometry (LC-MS/MS) analysis. LC was performed on an Ultimate 3000 RS system (Dionex, Sunnyvale, CA, USA). Peptide samples were first trapped on a C18 trap column (μ-Precolumn, C18 PepMap 100, 5 μm, Thermo Scientific, San Jose, CA) at a flow rate of 30 μL/min and separated on a C18 nano-flow column (Acclaim PepMap RSLC, 2 μm, 75 μm × 50 cm) at a flow rate of 0.2 μL/min using the following consecutive gradients 
Data analysis
Mass spectrometry (MS) raw data were processed using the MaxQuant software package (version: 1.6.0.1) (Cox and Mann, 2008) . The data were searched separately for both species, using the UniProt subset for Callithrix jacchus for MKTPCs and the human Swiss-Prot subset for HTPCs (both: Release 2017/06), each augmented with the MaxQuant common contaminants database. Identification was performed with the 'match between run' feature enabled and a target decoy search strategy (resulting in a false discovery rate of 1%). For quantification, the MaxQuant label-free quantification strategy was applied. Data analysis and statistics were performed with Perseus (version: 1.5.8.5). For the scatterplot of MKTPC and HTPC datasets, the protein families contained in both datasets were merged into one matrix using the associated gene name. The 'circoletto' graph was done for the 100 most abundant protein identifications of each species with the corresponding online tool hosted by the bioinformatics analysis team (http://tools.bat.infspire.org/circoletto) using the following deviations from the default settings: e-value cutoff 10 −15 ; e-value for coloring; use (score-min)/(max-min) ratio to assign colors. With the blastp online tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) the top 25 proteins were blasted against the human subset of the Swiss-Prot database. For the spectral counting approach, MS data were searched with Mascot (V 2.4.0) and analyzed with Scaffold (V 4.1.1) using the same databases as for the MaxQuant analysis. For abundance ranks, the averaged spectral counts were used. Functional classification of the proteins was done with the Panther GO analysis online tool (http://pantherdb.org) using gene names and the GO 'biological process' and 'cellular process' database.
Results
Isolation and initial characterization
Using a similar approach as employed for HTPCs previously (Albrecht et al., 2006) , we were able to isolate and culture MKTPCs. Explant cultures of marmoset testicular tissue fragments, small pieces of tissue (1-2 mm), were seeded onto cell culture dishes. The cells started growing out of the walls of the seminiferous tubules within 7-14 days, ) and Sertoli cells (FSHR, GATA4), which were found in the positive control (+), cDNA from Callithrix jacchus whole testis lysate. (C) Extracellular matrix, DCN and BGN, the inflammatory markers CCL2, PTX3 and IL6 and the neurotrophic factor GDNF were also expressed by MKTPCs. Expression of RPL19 was used as reference gene. Note that immune cell markers (CD3e, TPSG1, CMA1), expressed in the testis, were not found in MKTPCs.
and small spindle-like cells became visible. They proliferated and cells were propagated for several passages (Fig. 1) . As shown by immunohistochemistry, sections of the corresponding testicular tissue, from which explant cultures were derived, contain ACTA2-, CNN1-and AR-positive peritubular cells. The corresponding MKTPCs in vitro are likewise positive for CNN1, ACTA2 and AR as shown by immunofluorescence (Fig. 2) .
Further, as shown by RT-PCR, MKTPCs (all from passages 3 and 8) are positive for smooth muscle (SM) cell markers, including CNN1, ACTA2, and for the peritubular cell marker AR. The cells lack markers for Leydig cells (LHCGR, INSL3) or Sertoli cells (FSHR, GATA4). Mast cell markers like tryptase (TPSG1) and chymase (CMA1) and the T-cell marker CD3e were not detected. Like HTPCs, they express GDNF, extracellular matrix components including DCN and BGN, also the inflammatory molecules CCL2, PTX3 or IL6 (RT-PCR) and are thus ). Different ribbon color shades were used for better distinction. similar to HTCPs. The cells can be passaged and the characteristic markers for MKTPCs remain stable for at least up to eight passages (Fig. 3) .
Proteome analysis from MKTPCs and comparison with HTPCs
Proteins of MKTPCs from six individual donors were investigated by LC-MS/MS. In total 2437 protein groups were identified (FDR < 1%) in MKTPCs of which 1825 protein groups could be quantified in at least three individual samples. The mass spectrometry proteomics data were deposited in the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD009394. The inter-individual variance was investigated by a multi-scatter plot analysis of all protein label-free quantification (LFQ) intensities between all MKTPC individuals (Fig. 4A) . The Pearson correlation coefficient ranged between 0.93 and 0.97.
Additionally, a set of HTPCs from seven individual human donors was analyzed using exactly the same parameters and compared to the results of the MKTPCs. From 3374 protein groups, which were identified in HTPCs, 2137 are contained in the MKTPC dataset, demonstrating that 88% (2137 out of 2437) of the proteins in MKTPCs are represented in the HTPC data. The inter-individual variance was again assessed using a multi-scatter plot between all individual donors, which results in a Pearson correlation coefficient between 0.93 and 0.96 (Fig. 4B) .
The means of the MaxQuant LFQ values were scatter plotted against each other, which results in a correlation coefficient of 0.78 (Fig. 5 ) between human and marmoset cells. To investigate the variability of this inter-species comparison, each individual of MKTPCs were plotted against all individual HTPC donors. The mean Pearson correlation coefficient was 0.75 with no significant outliers (Grubbs' test for outliers; 99% confidence) and therefore showing a very homologous correlation pattern (Supplementary Information Fig. S1 ).
From both datasets the 100 most abundant proteins were retrieved and analyzed with the circoletto tool to visualize sequence homology of highly expressed proteins between HTPC and MKTPC (Fig. 6) analysis of the 25 most abundant MKTPC using the Human Swiss-Prot database reveals that 22 are showing sequence identities >95% (Table II) . Two further proteins could be matched to their human counterparts with >85% identity and represent members of the tropomyosin family, and only one single protein (F7FP14; uncharacterized protein) could not unambiguously be assigned to a human protein.
To review if the most abundant proteins in MKTPCs are also highly abundant in HTPCs, the identified MKTPC and HTPC protein groups were sorted according to their MS/MS spectral count values, a measure for their abundance. Comparison of both datasets revealed that 21 out of the top 25 MKTPC protein groups are contained in the top 50 HTPC protein groups (Table III) . Only transgelin (TAGLN), caldesmon (CALD1) and the tropomyosins TPM1 and TPM4 ranked noticeably lower in HTPCs compared to MKTPC.
To assess similarities between MKTPCs and HTPCs at the functional level, the identified proteins were analyzed with the PANTHER analysis tool using the 'Biological Process' and 'Cellular Process' Gene Ontology Databases. The proteins of both MKTPC and HTPC show highly similar distributions concerning related biological and cellular processes, suggesting strong biochemical and functional similarities between MKTPC and HTPC (Fig. 7) .
Discussion
The previous studies in HTPCs provided new insights in to the functions of these testicular cells (Spinnler et al., 2010; Mayerhofer, 2013; Landreh et al., 2014; Welter et al., 2014; Mayer et al., 2016) . While a previous proteomic study of HTPCs revealed that they are rather homogeneous with respect to their cellular proteome and their repertoire of secreted factors (Flenkenthaler et al., 2014) , further studies showed that their ability to secrete steroids (Landreh et al., 2014) or to respond to stimuli with cytokine secretion (Mayer et al., 2016) occur in a patient-specific fashion. It is likely that the differences are due to age, lifestyle and or medical history, which are beyond control.
We hypothesized that cells from a non-human primate species, specifically with a controlled lifestyle, may be an ideal additional model in which to study TPCs. We chose the common marmoset monkey (Callithrix jacchus), which is a well-established model organism for reproductive research, for this model. The testicular structures of marmosets are comparable in several biologically relevant aspects with humans, including characteristics of germ cell development and function (Michel and Mahouy, 1990; Millar et al., 2000; Mansfield, 2003; Zuhlke and Weinbauer, 2003) . Importantly, the architecture of the tubular wall shows several layers and therefore comes close to the human situation. Both contrast to rodent testes, in which the wall of the seminiferous tubules consists of a single cell layer of peritubular cells. Finally, the whole genome from Callithrix jacchus was sequenced (Sato et al., 2015) , which enables further investigation on the genomic and proteomic level.
We successfully isolated and cultured cells from the wall of seminiferous tubules of the testis of young adult, healthy Callithrix jacchus, using the same approach as for HTPCs, namely explant culture. The cells obtained upon initial characterization could be clearly identified as pure peritubular cells. Virtually all MKTPCs were immunoreactive for the smooth muscle markers, CNN1, ACTA2, which were detected only by peritubular cells in situ. In addition, the combination of smooth muscle markers, expression of AR and GDNF and the absence of Sertoli cell markers (FSHR, GATA4) and Leydig cell markers (LHCGR, INSL3) allows this conclusion. Importantly, the expression of the characteristic factors remains stable over at least eight passages.
In human testes tryptase-immunoreactive mast cells are found close to the tubular wall (Meineke et al., 2000) and within the layers of peritubular cells and we also detected tryptase-immunoreactive mast cells by immunohistochemistry in Callithrix jacchus testes (data not shown). We therefore explored a possible contamination with immune cells. RT-PCR for mast cell markers tryptase, chymase or the T-cell marker CD3e yielded, however, negative results in MKTPC.
We further compared the MKTPC proteome data with a published human macrophage proteome data (Eligini et al., 2015) . We found that five proteins coincide, namely Chloride intracellular channel protein 1, Elongation factor 2, Plastin 3, Tubulin alpha 1 chain, Vimentin. These proteins are, however, not specific for macrophages but represent ubiquitously occurring proteins. Apolipoprotein B receptor, which is considered a characteristic macrophage receptor (Hassel et al., 2017) , is not detected in our proteome analysis. Thus, isolation of MKTPCs is a practical way to obtain pure testicular peritubular cells of a non-human primate species.
We initially tested whether they further resemble HTPCs, and found that they produce DCN and BGN, CCL2, PTX3 and IL6 as well as GDNF. Hence, they resemble HTPCs in this respect (Spinnler et al., 2010; Mayer et al., 2016; Walenta et al., 2018) .
To further characterize MKTPCs at the protein level, a proteome study of peritubular cells obtained from six individual young adult Callithrix jacchus donors was performed. In order to focus on the most abundant proteins being easily assessable with a single-run LC-MS/MS method, we kept the proteomics workflow as simple as possible and did not use any prefractionation at the protein or the peptide level. Nevertheless, the analysis of the acquired mass spectra led to the identification of 2437 MKTPC protein groups (FDR < 1%). For the chosen approach, this represents a fairly high number of protein IDs and reflects the suitability of the Callithrix jacchus database for LC-MS based proteome analysis of MKTPC samples. Additionally, a multi-scatter plot analysis between the donors revealed very reproducible protein expression patterns, demonstrating the robustness of isolation and cultivation methods as well as a low inter-individual variability between the individual donors.
For the suitability of the animal model, the similarity between MKTPCs and HTPCs at the proteome level is an important indicator.
To assess this, HTPC proteomes from seven human donors were analyzed using exactly the same methodology. Inter-individual correlation analysis shows clear homogeneity and reproducibility similar to MKTPCs, with the latter one being more accessible and generated under monitored conditions. The inter-species scatter plot analysis of protein intensity values between MKTPC and HTPC showed a Pearson correlation coefficient of 0.78 indicating similar abundance patterns of MKTPC and HTPC proteins. A further MKTPC vs HTPC multi-scatter plot analysis at the level of individuals showed in all cases very similar Pearson correlation coefficients with no outliers. Taken together the correlation analyses reveal a clear conformity between MKTPCs and HTPCs on the level of protein expression patterns and a high degree of inter-individual reproducibility of MKTPCs.
A circoletto network analysis as well as a BLAST analysis of the 25 most abundant proteins showed high sequence homology between HTPC and MKTPC proteins, indicating a high degree of functional similarity. Using a spectral count quantification approach combined with homology based protein grouping, we could further demonstrate that the broad majority of the 25 most abundant MKTPC protein groups are also highly expressed in HTPCs. Only transgelin (TAGLN), caldesmon (CALD1) and the two tropomyosins (TPM1 and TPM4) showed lower spectral counts in MKTPC. Since all of these four proteins bind to actin this finding may reflect slight differences in the cytoskeleton between MKTPC and HTPCs. Finally, the PANTHER GO analysis of MKTPC and HTPC proteins lead to almost identical results, suggesting a strong resemblance at the level of biological and biochemical processes between MKTPCs and HTPCs. The high similarity at the proteome level elaborated here further approves MKTPC as an excellent non-human primate model to study the biology of HTPCs.
In summary, isolation of MKTPCs is a feasible way to obtain primate peritubular cells, which resemble their human counterparts. They are derived from young adults raised under controlled conditions and provide an opportunity to explore functions and regulation of testicular peritubular cells without unknown confounding issues like lifestyle, age, nutrition and the medical history of patients. We anticipate that this may lead to a better understanding of the role of peritubular cells in male (in)fertility, including their role in the spermatogonial stem cell niche and their plasticity.
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Supplementary data are available at Molecular Human Reproduction online.
